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ABSTRACT 32 
Nitrogen (N) deposition can profoundly alter soil N cycling of grassland ecosystems. 33 
Substrates and soil acidification are expected to modify soil N transformations in 34 
response to elevated N deposition. Here, we carried out 15N tracing studies to test the 35 
effects of N addition rates (low: 30 kg N ha-1 and high: 90/120 kg N ha-1) and soil 36 
acidification on gross N transformation rates using two typical Chinese grassland soils, 37 
an alpine calcareous soil and a temperate neutral soil. We found that N addition 38 
significantly increased the ratio of gross nitrification rate to gross ammonia 39 
immobilization rate (N/I) in both soils, but gross N transformation rates changed 40 
differently as a function of N addition rates and soil types. In the calcareous soil, N 41 
addition increased soil gross N transformations, largely due to mineral N substrates, 42 
SOC, TN and fungal dominance. In contrast, low N addition did not affect gross N 43 
transformation rates in the neutral soil, but high N addition significantly decreased gross 44 
N transformation rates. Although both SOC and TN were increased with N addition in 45 
the neutral soil, N-induced soil pH decline decreased gross N transformation rates. Our 46 
results indicate that the effects of N addition on grassland soil gross N transformations 47 
are highly dependent on mineral N substrates, SOC and TN. Soil acidification played a 48 
more important role than SOC and TN in gross N transformation rate changes in 49 
response to elevated N deposition. These findings suggest that the different changes of 50 
gross N transformation rates in response to N deposition and soil properties (e.g. SOC, 51 
TN and soil pH) should be integrated into biogeochemical models to better predict 52 
grassland ecosystem N cycling in the future scenarios of N deposition. 53 
 54 
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1. Introduction 57 
Nitrogen (N) is a limiting factor for the growth of organisms in grassland 58 
ecosystems (LeBauer and Treseder, 2008; Fujimaki et al., 2009). With the rapid 59 
increase in anthropogenic reactive N emissions, elevated N deposition on a global scale 60 
may mitigate N-limitation of plant growth but may also cause environmental pollution, 61 
threatening ecosystem functions and services worldwide (Galloway et al., 2008; Yang 62 
et al., 2012; Kanter and Searchinger, 2018).  63 
Nitrogen mineralization-immobilization turnover (MIT) governs soil N availability 64 
for organisms’ growth and N losses providing an important grassland ecosystem 65 
function (Ledgard et al., 1998; Huygens et al., 2007). Many N transformation processes, 66 
such as mineralization, nitrification and immobilization of NH4+ and NO3- operate 67 
simultaneously, and, thus, are jointly contributing to the fate of N in soil. Among those 68 
processes, mineralization is a major source of N supply for plant growth. Mineral N 69 
immobilization is the prime mechanism of N retention in soil. Nitrification, including 70 
autotrophic and heterotrophic nitrification, is a main mechanism to transform N in the 71 
reduced state (e.g. organic N, NH4+) to N in an oxidized state (e.g. NO3-) which is easily 72 
lost to water and air via leaching and denitrification (Schimel and Bennett, 2004; Zhang 73 
et al., 2018a; Zhang et al., 2018b). Other N transformation processes, chiefly related to 74 
N2O production, include: denitrification, nitrifier-denitrification, coupled nitrification-75 
denitrification and dissimilatory nitrate reduction to ammonia (DNRA). 76 
Many previous studies have identified the impacts of N addition on N 77 
transformation rates, but the results were inconclusive (e.g. Han et al., 2011; Lu et al., 78 
2011; Müller et al., 2011). Some research has shown that long-term N addition 79 
significantly increased N mineralization and nitrification (Zhang et al., 2012; Wang et 80 
al., 2015a), but had no effects on gross N transformation rates in an acid forest soil 81 
(Kwak et al., 2018). Excess N addition decreased gross N transformation rates 82 
(Barraclough and Smith, 1987). As microbially mediated processes, soil N 83 
transformations are expected to be strongly regulated by soil pH. Significant soil 84 
acidification has been widely observed across forest and grassland ecosystems, partially 85 
or largely induced by N deposition (Van Breemen et al., 1982; Yang et al., 2012). In 86 
addition, N transformations are also affected by other soil properties, including soil 87 
temperature and moisture, soil organic carbon, total N, C/N ratio (Gibbs and 88 
Barraclough, 1998), and microbial community (Booth et al., 2005; Wang et al., 2015a). 89 
Hence, the impacts of N addition on N transformations are expected to be strongly 90 
related to the changes in soil physical, chemical, and biological properties (Lu et al., 91 
2011). 92 
In view of the variability in observed responses of soil processes to N addition, a 93 
better process-based understanding of the response of soil N transformations to N 94 
addition in grassland ecosystems is critical. Although the responses of soil N cycle to 95 
N deposition/addition have been extensively investigated, the impacts of chronic N 96 
addition on N transformations and their potential underlying mechanisms under 97 
different N addition levels and across different grassland ecosystems with various soil 98 
properties still needs clarifying. 99 
We hypothesize that chronic N addition will increase soil gross N transformations, 100 
but largely as a function of N addition rates and acid neutralization capacity. Soil gross 101 
N transformation rates will be enhanced with increasing N addition rates by increasing 102 
energy and substrate sources in soil (i.e. C and N). However, N-induced soil pH decline 103 
will limit or even inhibit soil gross N transformation rates by affecting soil microbial 104 
community. We tested these hypotheses by quantifying soil gross N transformation 105 
rates in response to chronic N addition (over 10 years) at low and high rates in two 106 
typical Chinese grassland soils with different properties (especially soil pH), one 107 
calcareous alpine steppe and one neutral semiarid temperate steppe, using a 15N tracing 108 
approach. The results will help understanding the grassland ecosystem N cycling under 109 
elevated atmospheric N deposition (Liu et al., 2013), and predicting soil N availability 110 
and N losses in future. 111 
 112 
2. Materials and Methods 113 
2.1. Soils and sampling 114 
 Topsoil of 0-20 cm was sampled from two typical northern grassland sites in China 115 
in late August, 2019. The two sites, Bayinbuluk and Duolun, represent an alpine steppe 116 
and a semiarid temperate steppe, respectively. 117 
The Bayinbuluk site (BK) is located at the Bayinbuluk Grassland Ecosystem 118 
Research Station, Chinese Academy of Sciences, Xinjiang, China (42°53′N, 83°43′E; 119 
2,500 m a.s.l.). Mean annual precipitation is 266 mm with 78% occurring during the 120 
growing season from May to September. Mean annual temperature is -4.8 °C. Local 121 
ambient total N deposition is 7.6 kg N ha-1 yr-1 (Xu et al., 2015). The soil is a Calcic 122 
Kas-tanozems (FAO classification), consisting of 51.2% sand, 42.2% silt, and 6.6% 123 
clay. The original topsoil (0-10 cm) before the experiment had the following physical 124 
and chemical properties: bulk density, 1.01 g cm-3; soil pH (H2O), 7.71; soil organic 125 
carbon (SOC), 32.7 g kg-1; soil total nitrogen (TN), 3.1 g kg-1. Dominant plant species 126 
include Stipa purpurea, Festuca ovina, Agropyron cristatum, Koeleria cristata, 127 
Oxytropis glabra, Potentilla multifida and Potentilla bifurca. After the fencing to 128 
exclude grazers in 2005, N addition started in 2009, including four N addition rates of 129 
0 (N0 as control), 10 (N10), 30 (N30) and 90 (N90) kg N ha-1 yr-1 to four replicate plots 130 
of 4 m × 8 m with a 1 m wide buffer zone between adjacent plots. Three N treatments, 131 
N0, N30 and N90, were selected for this study. Nitrogen as NH4NO3 was uniformly 132 
applied to the plots in two equal amounts in late May and June. More information can 133 
be found in Li et al. (2015). 134 
The Duolun site (DL) is located at the Duolun Restoration Ecology Research 135 
Station of the Institute of Botany, Chinese Academy of Sciences, Inner Mongolia, China 136 
(42°02′N, 116°17′E; 1,324 m a.s.l.). Mean annual precipitation is 293 mm with 82% 137 
occurring during the growing season. Mean annual temperature is 3.3°C. Local ambient 138 
total N deposition is 14.7 kg N ha-1 yr-1 (Xu et al., 2015). The soil is a Haplic Calcisol 139 
(FAO classification), consisting of 62.8% sand, 20.3% silt, and 16.9% clay. The 140 
original topsoil (0-10 cm) before the experiment had the following physical and 141 
chemical properties: bulk density, 1.31 g cm-3; soil pH (H2O), 7.12; SOC, 12.3 g kg-1; 142 
TN, 1.7 g kg-1. Dominant plant species include Stipa capillata, Agropyron cristatum, 143 
Cleistogenes squarrosa, Leymus chinensis, Artemisia frigida, Carextibetica, Potentilla 144 
acaulis, Potentilla tanacetifolia and Potentilla bifurca. The study site has been fenced 145 
since 2001 to protect it from grazing disturbance. The N addition experiment started in 146 
2005, including six N addition rates of 0 (N0 as control), 30 (N30, since 2006), 60 147 
(N60), 120 (N120), 240 (N240), and 480 (N480) kg N ha-1 yr-1 to five replicate plots of 148 
5 m × 5 m with a 1 m wide buffer zone between adjacent plots. Three N treatments, i.e. 149 
N0, N30 and N120, were selected in this study. Nitrogen addition was applied as urea 150 
in 2005 and NH4NO3 from 2006 onward. N was uniformly applied to the plots in two 151 
equal amounts in the middle of June and July. The detailed field managements are given 152 
in Chen et al. (2019).  153 
After manually removing the roots and impurities from the soil, collected soil 154 
samples were sieved to 2 mm and immediately stored at 4℃ until the incubation 155 
experiment began within two weeks. Parts of mixed-well soils were used for the 15N 156 
dilution experiments. Another part was used to measure important soil properties, 157 
including soil pH, SOC, TN and water holding capacity (WHC). The detailed results 158 
are given in Table 1. 159 
 160 
2.2. Laboratory 15N tracing experiment 161 
Gross N transformation rates were quantified using a 15N tracing approach 162 
(Kirkham and Bartholomew, 1954; Müller et al., 2007; Zhang et al., 2012; Zhu et al., 163 
2019). Each soil treatment was conducted in two sub-treatments, adding 15NH4NO3 and 164 
NH415NO3, respectively, with 3 replicates and 3 extraction times. Also a control (no N 165 
addition) with 3 replicates was investigated for each treatment. Sieved fresh soil, 166 
equivalent to 20 g oven-dried soil, was added into a reagent bottle and pre-incubated 167 
under the natural water content for 24 h at 20 °C. The control soil was extracted with 2 168 
mol L-1 KCl (Guaranteed Reagent) to measure soil mineral N (NH4+-N and NO3--N) 169 
concentrations (Song et al., 2011). To the other soils, 2 mL solution of 15NH4NO3 (15N 170 
atom% excess of 9.8337) or NH415NO3 (15N atom% excess of 9.8837) was added at a 171 
rate of 50 mg NH4+-N kg-1 or 50 mg NO3--N kg-1, respectively (Wang et al., 2015b). 172 
The soils were adjusted to 60% WHC with high-purity water. 60% of WHC is widely 173 
used in previous studies, being an appropriate water potential to promote microbial 174 
activity under aerobic conditions (Zhang et al., 2012; Zhu et al., 2019). The bottles were 175 
sealed with parafilm® with uniformly distributed eight pinholes to allow aeration, and 176 
incubated in the dark for 48 h at 20 °C. The incubation temperature of 20 °C is close to 177 
the natural outdoor conditions in the day-time during the growing season for the two 178 
sampling sites. During the incubation, soils were extracted with 2 mol L-1 KCl at 0.5, 179 
12, and 48 h after labeling to determine the concentrations and isotopic compositions 180 
of NH4+-N and NO3--N.  181 
 182 
2.3. Analytical methods  183 
Soil pH (H2O) was measured with a pH meter (PHS-3C, Shanghai Yueping 184 
Scientific Instrument Co., Ltd, China) at a soil to water ratio of 1:2.5. SOC and TN 185 
were measured with an element analyzer (Vario Macro Cube, Elementar, Germany). 186 
NH4+-N and NO3--N in soils were measured with an AA3 continuous-flow analyzer 187 
(Bran + Luebbe GmbH, Norderstedt, Germany) after extraction with 2 mol L-1 KCl 188 
solution and filtration by filter papers (Whatman, Double Ring quantitative filter paper). 189 
Isotopic compositions of NH4+-N and NO3--N were determined using the modified 190 
micro-diffusion method (Zhu et al., 2019) and measured using a Delta V plus isotope 191 
mass spectrometer (Delta Plus XP, Thermo Finnigan, Germany). Briefly, 20 mL the 192 
extract was mixed with 0.3 g MgO to release NH3 from the NH4+-N pool. 0.3 g 193 
Devarda's alloy was then added to the bottle to reduce NO3--N to NH4+-N, and then to 194 
NH3. Liberated NH3 was trapped using filter paper (Whatman 41), which was acidified 195 
with 1 mol L-1 oxalic acid. After diffusion, filters were transferred to an ammonia free 196 
environment for drying, then dried filter papers were transferred to a tin capsule and 197 
wrapped to enable the enrichment of 15N to be analyzed. 198 
 199 
2.4 Soil DNA extraction, 16S/ITS rRNA sequencing and sequence analysis 200 
For each soil in BK, 0.5 g fresh mixed soil with three replicates was used to extract 201 
DNA using a DNA extraction kit for soil. 1% agarose gels were used to determinate 202 
DNA integrity and purity while a NanoDrop One microvolume UV-Vis 203 
spectrophotometer (Thermo Scientific, USA) was used to measure DNA concentration 204 
and purity (Tomaso et al., 2010). Bacterial 16S rRNA genes of V4 hypervariable regions 205 
were amplified using primers 515F and 806R (Caporaso et al., 2012), and fungal ITS 206 
rRNA genes of ITS1 hypervariable regions were amplified using primers ITS5-1737F 207 
and ITS2-2043R with 12bp barcode (White et al., 1990; Gardes and Bruns, 1993). 208 
Primers were synthesized by Invitrogen (Carlsbad, CA, USA). PCR reactions, 209 
containing 25 μL 2x Premix Taq (Takara Biotechnology, Dalian Co. Ltd., China), 1 μL 210 
each primer (10 mM) and 3 μL DNA (20 ng μL-1) template in a volume of 50 μL, were 211 
amplified by thermos cycling: initialization at 94°C for 5 min; 30 cycles of denaturation 212 
at 94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 30 s; followed 213 
by final elongation at 72°C for 10 min. 3 replicates per sample and each PCR products 214 
of the same sample were mixed, the PCR instrument was BioRad S1000 (Bio-Rad 215 
Laboratory, CA). High-throughput sequencing was performed on an 216 
IlluminaHiseq2500 platform and 250 bp paired-end reads were generated. 217 
Paired-end clean reads were merged using FLASH (V1.2.11) (Magoč and Salzberg 218 
2011) after the removal of low-quality sequences according to the Trimmomatic (V0.33) 219 
quality controlled process (Bolger et al., 2014). After chimera detection using the 220 
UCHIME de novo algorithm, the remaining high-quality sequences were clustered into 221 
operational taxonomic units (OTUs) at 97% sequence identity by USEARCH (Edgar, 222 
2010). Representative sequence for each OTU was screened for further annotation. For 223 
each representative sequence, the Greengenes (for 16S) and Unite (for ITS) database 224 
were used to annotate taxonomic information in Quantitative Insights Into Microbial 225 
Ecology (QIIME V1.9.1) (DeSantis et al. 2006; Abarenkov et al., 2010; Caporaso et al., 226 
2010). The OTU and its Tags, which belong to plantae and can’t be annotated to the 227 
kingdom level, were removed. Subsequent analysis of alpha diversity, including 228 
observed species, Chao1, Shannon’s index, and dominance (defined as ∑𝑝𝑝𝑖𝑖2, where pi 229 
is the proportion of the community represented by OTUi), was performed with QIIME 230 
using the normalized OTU data. 231 
 232 
2.5. 15N tracing analysis 233 
Gross N transformations rates were quantified via a 15N tracing analysis. Measured 234 
concentrations and 15N enrichment values (mean ± standard deviation) of NH4+-N and 235 
NO3--N from the triplicate measurements at 0.5, 12, and 48 h after labeling in the two 236 
15N-added treatments were supplied to the 15N tracing model NtraceBasic (Müller et al., 237 
2007). Gross N transformation rates were calculated by simultaneously optimizing the 238 
kinetic parameters for each individual process by minimizing the misfit between 239 
modeled and observed concentrations of NH4+-N and NO3--N and their respective 15N 240 
enrichments. To obtain the most appropriate model, several model modifications, which 241 
vary in the number of considered N pools and processes, and kinetic settings, were 242 
tested (Rütting and Müller, 2008). The most appropriate model was guided by the 243 
Aikaike's information criterion (AIC), selecting the minimum AIC value (Cox et al., 244 
2006; Rütting and Müller, 2007; Wang et al., 2016). In addition, the determination 245 
coefficient (R2) was also used to verify the model; if R2 > 0.80, the modeled result can 246 
be accepted (Quinn and Keough, 2002). The numerical optimization model based on 247 
Markov Chain Monte Carlo Metropolis algorithm, can provide reliable results for a 248 
large number of parameters. For more detailed information on the model development 249 
and parameter optimization see Müller et al. (2007). Ten simultaneously occurring 250 
transformation processes were quantified (Müller et al., 2007; McGeough et al., 2016): 251 
1) MNrec, mineralization of recalcitrant organic N to NH4+-N; 2) MNlab, mineralization 252 
of labile organic N to NH4+-N; 3) INH4_Nrec, immobilization of NH4+-N to recalcitrant 253 
organic N; 4) INH4_Nlab, immobilization of NH4+-N to labile organic N; 5) RNH4, release 254 
of adsorbed NH4+-N; 6) ANH4, absorption of NH4+-N on cation exchange sites; 7) ONH4, 255 
oxidation of NH4+-N to NO3--N; 8) ONrec, oxidation of recalcitrant organic N to NO3--256 
N; 9) INO3, immobilization of NO3--N to recalcitrant organic N; and 10) DNO3, 257 
dissimilatory NO3--N reduction to NH4+-N. Gross transformation rates were calculated 258 
by zero or first order kinetics. In this model, labile organic N was assumed to be the 259 
maro-organic matter fraction accounting for ca. 1% of total organic N (Rütting and 260 
Müller, 2008; Chen et al., 2015). The optimization procedure resulted in a probability 261 
density function for each parameter, from which averages and standard deviations were 262 
calculated (Müller et al., 2007). Each analysis run was carried out with three parallel 263 
sequences. Based on the kinetic setting and the final parameters, average N 264 
transformation rates were calculated over the 48 h incubation period and expressed in 265 
units of mg N kg-1 dry soil d-1 (Table 2). 266 
 267 
2.6. Statistical analyses 268 
One-way analysis of variance (ANOVA) with a Tukey’s Honestly Significance 269 
Difference (HSD) test (P < 0.05) was used to test significant differences between 270 
treatments in soil pH, SOC, TN and bacterial/fungal diversity indices. Most statistical 271 
tests are inappropriate for the comparison of gross N transformation rates above, 272 
because of the large number of iterations of the 15N tracing model. Parameter results 273 
based on the comparisons of standard deviations and the 95% and 99% confidence 274 
intervals were used to test significant differences between treatments in gross N 275 
transformation rates (Müller et al., 2011). If 95% confidence intervals of parameter 276 
results overlap, the parameters are not significantly different. If 95% or 99% confidence 277 
intervals do not overlap, the differences in results are significant or highly significant. 278 
Correlation and linear or nonlinear regression analyses were used to test relationships 279 
between N input and N gross transformation rates. All the statistical analyses and 280 
correlation analyses were performed using IBM SPSS Version 23.0 (IBM Corp., 281 
Armonk, NY, USA).  282 
 283 
3. Results 284 
3.1. Soil chemical and biological properties 285 
Compared to the control plots, long-term N addition (> 10 years) did not 286 
significantly change topsoil pH in N treated plots at BK site, but significantly decreased 287 
topsoil pH by 0.22 and 0.83 for N30 and N120 treatments, respectively, at DL site 288 
(Table 1). Nitrogen addition also significantly increased SOC, TN and soil mineral N 289 
(Nmin, mainly NO3--N) at both sites, while C/N and WHC did not significantly change. 290 
For soil Nmin at both sites and soil pH at DL site, the impacts of N addition increased 291 
with increasing N addition rates. At BK site, N addition significantly increased bacterial 292 
observed species, bacterial Shannon’s diversity index and fungal dominance, while 293 
decreasing bacterial dominance and fungal Shannon’s diversity index (Fig. S1). 294 
 295 
3.2. The concentration and 15N abundance of NH4+-N and NO3--N 296 
During the incubation period, the concentrations of NH4+-N decreased with 297 
increasing incubation time for all treatments, with low and high decline rates being 298 
related to DL and BK (Fig. 1a). Decline rates of NH4+-N concentrations were similar 299 
among all three treatments at DL site, being higher in N120 treatment than other two 300 
treatments at BK site. The concentrations of NO3--N increased with incubation time. 301 
Net NO3--N production rates had a similar trend to net NH4+-N consumption (NH4+-N 302 
decline) rates among three treatments at two sites (Fig. 1b).  303 
15N abundances of NH4+-N in the 15NH4+ labeled treatments decreased with 304 
incubation time. The decline was steeper with increasing N addition rates especially for 305 
the BK soils while only a slight decline was observed in the DL soils (Fig. 1c). 306 
Meanwhile, 15N abundances of NO3--N in the 15NH4+ labeled treatments increased at 307 
BK sites and slightly increased at DL sites. 15N abundances of NH4+-N changed slightly 308 
in the 15NO3--N labeled treatments (Fig. 1d), while 15N abundances of NO3--N 309 
decreased with incubation time at a low and similar rates in the three DL treatments and 310 
a higher and N-dependent increase at BK sites.  311 
 312 
3.3. Gross N transformation rates in response to N addition 313 
Gross N transformation rates were associated with N addition rates (Fig. S2), but 314 
showed different responses at the two sites (Table 2 and Fig. 2). Many common results 315 
of N transformations were observed at two sites, i.e. autotrophic nitrification (ONH4), 316 
rather than heterotrophic nitrification (ONrec). Gross rates of oxidation of recalcitrant 317 
organic N to NO3--N (ONrec), dissimilatory NO3--N reduction to NH4+-N (DNO3), release 318 
of adsorbed NH4+-N (RNH4ads) and absorption of NH4+-N on cation exchange sites (ANH4), 319 
were negligible in all treatments at both sites.  320 
There were also many different impacts of N addition on specific N transformation 321 
processes between two sites. At the DL site, gross rates of all N transformation 322 
processes slightly fluctuated in N treated plots at 30 kg N ha-1 yr-1 compared to the 323 
control plots. However, N addition of 120 kg N ha-1 yr-1 led to a significant decline of 324 
20%, 88% and 78% for the oxidation rate of NH4+-N to NO3--N (ONH4), the 325 
immobilization rates of NH4+-N to labile (INH4_Nlab) and recalcitrant organic N (INH4_Nrec), 326 
respectively. However, no significant difference was observed between two N 327 
treatments (i.e. N30 and N120). Further, compared to the control plots, the ratio of gross 328 
nitrification rates to gross immobilization rates of NH4+-N (N/I) and net NH4+-N 329 
production rate increased by 140% and 63%, 352% and 77% for N30 and N120 treated 330 
plots, respectively. Meanwhile, total Nmin activity and net NO3--N production rate 331 
decreased by 42% and 13%, 62% and 21% for N30 and N120 treatments, respectively. 332 
For the BK site, compared to the control plots, N addition led to a significant 333 
increase in autotrophic nitrification (ONH4) of 66% and 149% for N30 and N90 treated 334 
plots, respectively. N addition of 90 kg N ha-1 yr-1 led to a significant decline of 93% in 335 
the mineralization rate of recalcitrant organic N to NH4+-N (MNrec), and an increase of 336 
129% and 256% in the mineralization rate (MNlab) and the immobilization rate of NH4+-337 
N to recalcitrant organic N (INH4_Nrec), respectively. Consequently, compared to the 338 
control plots, N addition increased N/I, total Nmin activity and net NO3--N production 339 
rate by 37%, 31% and 80% for N30 treatments and by 50%, 81% and 166% for N90 340 
treatments, respectively. Meanwhile, net NH4+-N production rates decreased by 69% 341 
and 168% for N30 and N90 treatments, respectively, compared to the control plots. In 342 
addition, gross rates of mineralization and nitrification were negatively or positively 343 
correlated with bacterial or fungal diversity indices (dominance, Shannon’s index and 344 
observed species), respectively (Fig. S3). 345 
 346 
4. Discussion 347 
Long-term N addition experiments have been widely conducted to accurately 348 
identify the impacts of N deposition on plant species diversity, community stability, 349 
ecosystem multifunctionality as well as biogeochemistry (Ledgard et al., 1998; Tilman 350 
et al., 2001; Isbell et al., 2013). Soils with chronic N addition, combined with 351 
quantification of gross N transformation rates, could provide reliable evidence to reveal 352 
the underlying mechanisms of soil N cycling in response to elevated N deposition 353 
concerning N availability and N losses (Zhang et al., 2012). Our results showed that 354 
chronic N addition significantly changed gross N transformation rates, but the impacts 355 
were largely dependent on N addition rates and soil properties. Generally, N 356 
mineralization, immobilization and nitrification were the dominant N transformation 357 
process while other processes were negligible, as observed in other soils (Chen et al., 358 
2016; Zhu et al., 2019). Autotrophic nitrification dominated over heterotrophic 359 
nitrification, which is in line with previous studies (Zhang et al., 2013a; Zhu et al., 360 
2019). However, heterotrophic nitrification may play a significant role in acid soils 361 
(Zhang et al., 2011). NH4+-N immobilization rather than NO3--N immobilization 362 
dominated N retention. NO3--N immobilization needs more energy than NH4+-N 363 
immobilization and is highly related to soil organic carbon, C/N-ratio and ATP 364 
production (Bengtsson et al., 2003; Habteselassie et al., 2006) and possibly suppressed 365 
by NH4+-N, even at relatively a low concentrations (Templer et al., 2008). 366 
Consequently, the low C/N ratios (approximately 10-11) may have limited NO3--N 367 
immobilization in this study. In addition, N addition also increased the risk of N losses 368 
(N/I), especially for temperate grassland soils (DL) with an obvious shift from N 369 
limitation (N/I < 1.0) to N saturation (N/I > 1.0) as N addition are increasing. 370 
The impacts of N addition on some specific gross N transformation rates were 371 
different between BK alpine steppe and DL temperate steppe. Enhanced N deposition 372 
has been confirmed to affect soil N transformations by changing soil N availability, pH, 373 
microbial biomass and microbial community composition (Liu et al., 2011). Increased 374 
mineral N substrates with enhanced N deposition can promote N mineralization and 375 
nitrification (Niu et al., 2016). Meanwhile, N-induced soil acidification could limit N 376 
transformation processes by affecting microbial activities and N form as substrates 377 
(Pietri and Brookes, 2008; Cheng et al., 2013). Although meta-analysis showed that N 378 
deposition significantly increased N mineralization by 24.9% and nitrification by 153.9% 379 
(Lu et al., 2011), many variable results of impacts of N deposition on soil N 380 
transformations have been reported in individual studies, likely derived from the 381 
differences in local climatic conditions and soil properties. Thus, some important soil 382 
properties, strongly related to N transformation processes and largely affected by N 383 
addition, likely explain the different impacts of N addition on N transformation rates in 384 
these two grassland soils (Tables 1 and 2). 385 
 386 
4.1. The comparison of N transformation rates between the calcareous and neutral soils 387 
under natural conditions 388 
 Although the two studied soils had comparable total Nmin activities of 13.1 and 12.4 389 
mg N kg-1 d-1 for DL and BK sites, respectively, the gross rates of some specific 390 
transformation processes were partially or completely different. Compared to DL 391 
neutral temperate grassland soil, BK calcareous alpine grassland soil had higher gross 392 
rates of mineralization (both MNrec and MNlab), ONH4 and INO3 and a lower gross rate of 393 
INH4-Nrec. High soil organic carbon (SOC) and total nitrogen (TN) in the calcareous soil 394 
can supply more energy and substrates to soil microorganism growth, favoring N 395 
transformations (Booth et al., 2005; Grosso et al., 2016). As a result of the high gross 396 
nitrification rate, soil mineral N was dominated by NO3--N in the calcareous soil, which 397 
was equally contributed by NH4+-N and NO3--N in the neutral soil (Table 1). Further, 398 
low NH4+-N in substrates and high accumulated NO3--N limited the immobilization of 399 
NH4+-N and increased the immobilization and net production of NO3--N in the 400 
calcareous soil. In addition, high SOC in the calcareous soil also favored NO3--N 401 
immobilization, needing more energy than NH4+-N immobilization (Bengtsson et al., 402 
2003). 403 
 404 
4.2. The effects of N addition on N transformations in calcareous alpine grassland soils 405 
In BK alpine grassland soils, chronic N addition increased the gross rates of three 406 
important N transformation processes, i.e. MNlab, INH4-Nrec and ONH4, especially with 407 
increasing N addition rates. Increased SOC (by 9.6-12.6%) and TN (by 13.4-18.4%) 408 
caused by N addition were the potential main contributors to increased N 409 
transformation rates. SOC, TN and their quality (C/N ratio) have been identified to play 410 
important roles in N transformations (Aber et al., 2003; Niu et al., 2016), particularly 411 
N mineralization (Wang et al., 2016; Zhang et al., 2016). SOC is the energy and 412 
substrate source to support microbial growth and activity (Kreitinger et al., 1985; 413 
Grosso et al., 2016). Thus, close relationships between SOC and N transformations 414 
were widely observed in previous studies, including microbial immobilization of 415 
mineral N (Bradley, 2001; Zhang et al., 2013b), heterotrophic nitrification and 416 
consequent NO3--N production (Hart et al., 1994; Chen et al., 2015). Increased TN also 417 
favors soil N transformations by providing more N substrates (Booth et al., 2005; Zhang 418 
et al., 2016). Increased N availability mitigates the limit of N on microorganism, further 419 
increasing gross N mineralization rates in an N-limited ecosystem (Blaško et al., 2013; 420 
Högberg et al., 2014). Studied alpine and temperate grassland ecosystems appear to be 421 
N-limited (Li et al., 2015; Hao et al., 2018). Regarding C/N ratio, it is an important 422 
indicator reflecting C or N limited microbial growth which in turn is controlled by the 423 
mineralization-immobilization turnover (MIT). Organic substrates with high C/N ratios 424 
are generally associated with turnover of recalcitrant compounds in soil organic matter, 425 
which negatively influences N mineralization (Booth et al., 2005; Zhang et al., 2016). 426 
Microbes immobilize mineral N to meet their N requirement when they decompose 427 
organic matter with high C/N ratios (Sollins et al., 1984; Janssen, 1996; Zak et al., 2006). 428 
However, C/N ratios were not changed by N addition in this study and remained around 429 
10, much lower than the critical value C/N ratio of ~25 for switching between N 430 
mineralization and immobilization processes, thus, falling into the range of C-limited 431 
microbial growth (Arunachalam et al., 1998; Zhu et al., 2015).  432 
In addition, although soil pH plays a critical role in N transformation by affecting 433 
microbial activities and mineral N forms (especially for NHx) (Pietri and Brookes, 2008; 434 
Cheng et al., 2013), the studied alpine grassland soils are calcareous, with a strong acid-435 
buffering capacity. Soil pH hardly changed with N addition, being similar in the control 436 
soils even after 11 years of 90 kg N ha-1 yr-1 additions. Hence, the increased availability 437 
of SOC and TN, rather than stable C/N and soil pH, was the prime mechanism of the 438 
varying N transformation rates in response to N addition in the specific soils. 439 
Both MNlab and INH4-Nrec increased with N addition while MNrec decreased by 44-94% 440 
and total gross mineralization (MNlab + MNrec) slightly changed. Other studies showed 441 
similar results after fertilizer applications (Müller et al., 2011) or elevated CO2 (Chen 442 
et al., 2016). Nitrogen addition may stimulate microbial growth by alleviating N 443 
limitation and/or C limitation by promoting plant growth and consequent litter and root 444 
decomposition. In the studied soil, N addition led to a slight increase in bacterial 445 
Shannon diversity and a decline in bacterial dominance. In contrast, fungal dominance 446 
was increased with N addition, suggesting some specific fungi became more prominent. 447 
Consequently, fungi-dominated immobilization into the recalcitrant organic N pool 448 
(INH4_Nrec) also significantly increased. Fungi, e.g. arbuscular mycorrhizal fungus, play 449 
an important role in the nitrogen cycle (Hodge et al., 2001; Veresoglou et al., 2012). 450 
Generally, bacteria prefer NH4+-N as N source (Jansson et al., 1955) but fungi may 451 
prefer NO3--N (Marzluf, 1997). NO3--N is the main form of N in soil at BK for the 452 
persistent drought (Table 1) and high gross nitrification rate (Table 2). Those results 453 
showed that various soil organic N pools, with different turnover times, responded 454 
differently to N addition in calcareous grassland soils, i.e. feeding on labile organic N 455 
and storing as recalcitrant organic N. The observation provides compelling evidence 456 
that N addition interacted with the microbial community structure in the soil MIT and 457 
can stimulate transformations associated with SOC turnover, being an important part of 458 
the underlying mechanism of soil N retention with N addition in calcareous alpine 459 
grassland soils. 460 
 461 
4.3. The effects of N addition on N transformations in neutral temperate grassland soils 462 
With long-term N addition, SOC and TN significantly increased while C/N ratios 463 
slightly changed around 11 in DL temperate grassland soils. However, N addition did 464 
not significantly increase gross rates of N transformations, even leading to a significant 465 
decrease in autotrophic nitrification (ONH4) and N immobilization to both labile and 466 
recalcitrant organic N (INH4_Nlab and INH4_Nrec) at a high N addition rate of 120 kg N ha-467 
1 yr-1. Meanwhile, many negative relationships between N addition rates and gross N 468 
transformation rates were observed (Fig. S2). According to the key role of soil pH in 469 
soil N cycling and neutral soils are generally sensitive to acid input compared to 470 
calcareous soils (Ulrich, 1986), N-induced soil acidification was a considerable factor 471 
in the changes of N transformations in response to N addition in the specific acid-472 
sensitive soils. A significant decline in soil pH was observed with chronic N addition 473 
in DL neutral temperate grassland soils, even at a low N addition rate of 30 kg N ha-1 474 
yr-1, which is close to the national average N deposition (Liu et al., 2013). Although N 475 
mineralization can provide pH-favorable microsites for nitrification, significant soil pH 476 
decline favors soil NHx as NH4+ rather than NH3, where NH3 is the substrate to 477 
ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA). Soil pH is 478 
a critical factor to AOB, the abundance and activity of AOB decreased at a low soil pH 479 
and consequent nitrification and net NO3--N production also decreased with N supply 480 
promoted soil acidification (Zhang et al., 2008). Tan et al (2018), working at the same 481 
site, found that N additions led to a large decline in both fungi and bacteria abundance 482 
(phospholipid fatty acids (PLFAs) as the indicator) associated with a decrease in DOC 483 
(dissolved organic carbon) and increasing cations (e.g. Al3+ and Mn2+) as soil acidified. 484 
However, the microbial community structures (ratio of fungal to bacterial biomass) did 485 
not show any significant change (Tan et al., 2018). Further, N addition slightly changed 486 
the bacterial/fungal diversity in DL soils, except bacterial Shannon’s index which was 487 
increased with N addition (Fig. S4). It differed considerably from BK soils with 488 
significant changes in the bacterial/fungal diversity indices (especially for dominance) 489 
with N addition, which could be an important contributor to the different impacts of N 490 
addition on soil gross N transformations between DL and BK. Meanwhile, decreased 491 
total mineral N activity and increased N/I ratio with N addition also suggested an 492 
increasing potential risk of N losses (Stockdale et al., 2002). The observation indicated 493 
N-induced acidification counteracted the promoting effect of increased SOC and TN 494 
with N addition on the gross rates of N transformations, leading to a significant decline 495 
in autotrophic nitrification and N immobilization in neutral temperate grassland soils. 496 
 497 
5. Conclusions 498 
Under natural N deposition, the calcareous alpine grassland soil had higher gross 499 
rates of mineralization and nitrification and a lower gross immobilization rate than the 500 
neutral temperate grassland soil, mainly contributed by the locality-specific soil 501 
properties, i.e. high soil organic carbon (SOC) and total nitrogen (TN) and the low C/N 502 
ratio. Nitrogen addition differentially affected gross N transformations in alpine and 503 
temperate grassland soils. In calcareous alpine grassland soils, N addition increased 504 
gross N transformation rates, by increasing SOC, TN, mineral N and fungal dominance. 505 
In contrast, N transformation rates in neutral temperate grassland soil did not change at 506 
a low N addition rate, but decreased at a high N addition rate caused by N-induced soil 507 
pH decline. Our results illustrated the impacts of N addition on gross N transformation 508 
rates were largely as a function of N addition rates and soil properties (e.g. SOC, TN 509 
and soil pH). Notably, N-addition induced soil pH decline (acidification) might play a 510 
more important role than SOC and TN in N transformations in response to N addition 511 
by altering soil microbial community in the acid-sensitive soils (e.g. DL neutral 512 
grassland soil). The understanding of the interactive response of the individual gross N 513 
transformation processes to N addition provides insights on how different grassland 514 
soils are likely to react to future changes in soil N availability, such as enhanced 515 
atmospheric N deposition. 516 
 517 
Declaration of competing interest 518 
There are no conflicts of interest associated with this publication.  519 
 520 
Acknowledgements 521 
This work was supported by the National Key R&D Program of China 522 
(2018YFC0213301, 2017YFD0200101), the National Research Program for Key 523 
Issues in Air Pollution Control (DQGG0208), the National Natural Science Foundation 524 
of China (41425007 and 31421092), China’s Ten-thousand Talent Programs (Liu X.J.) 525 
and China Postdoctoral Science Foundation (2019M650897). We would like to thank 526 
to Dr. Chong Zhang at China Agricultural University, Fengzhan Geng and Yuan Su at 527 
Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, who gave 528 
suggestions or sampling help for this paper. 529 
 530 
References 531 
Abarenkov, K., Henrik Nilsson, R., Larsson, K.H., Alexander, I.J., Eberhardt, U., 532 
Erland, S., Høiland, K., Kjøller, R., Larsson, E., Pennanen, T., 2010. The UNITE 533 
database for molecular identification of fungi–recent updates and future 534 
perspectives. New Phytologist 186, 281-285. 535 
Aber, J.D., Goodale, C.L., Ollinger, S.V., Smith, M.-L., Magill, A.H., Martin, M.E., 536 
Hallett, R.A., Stoddard, J.L., 2003. Is nitrogen deposition altering the nitrogen 537 
status of northeastern forests? BioScience 53, 375-389. 538 
Arunachalam, A., Maithani, K., Pandey, H., Tripathi, R., 1998. Leaf litter 539 
decomposition and nutrient mineralization patterns in regrowing stands of a humid 540 
subtropical forest after tree cutting. Forest Ecology and Management 109, 151-541 
161. 542 
Barraclough, D., Smith, M., 1987. The estimation of mineralization, immobilization 543 
and nitrification in nitrogen‐15 field experiments using computer simulation. 544 
Journal of Soil Science 38, 519-530. 545 
Bengtsson, G., Bengtson, P., Månsson, K.F., 2003. Gross nitrogen mineralization-, 546 
immobilization-, and nitrification rates as a function of soil C/N ratio and 547 
microbial activity. Soil Biology and Biochemistry 35, 143-154. 548 
Blaško, R., Högberg, P., Bach, L.H., Högberg, M.N., 2013. Relations among soil 549 
microbial community composition, nitrogen turnover, and tree growth in N-loaded 550 
and previously N-loaded boreal spruce forest. Forest Ecology and Management 551 
302, 319-328. 552 
Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for 553 
Illumina sequence data. Bioinformatics 30, 2114-2120. 554 
Booth, M.S., Stark, J.M., Rastetter, E., 2005. Controls on nitrogen cycling in terrestrial 555 
ecosystems: a synthetic analysis of literature data. Ecological Monographs 75, 556 
139-157. 557 
Bradley, R.L., 2001. An alternative explanation for the post‐disturbance NO3–flush in 558 
some forest ecosystems. Ecology Letters 4, 412-416. 559 
Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., 560 
Owens, S.M., Betley, J., Fraser, L., Bauer, M., 2012. Ultra-high-throughput 561 
microbial community analysis on the Illumina HiSeq and MiSeq platforms. The 562 
ISME journal 6, 1621-1624. 563 
Chen, S., Hao, T., Goulding, K., Misselbrook, T., Liu, X., 2019. Impact of 13-years of 564 
nitrogen addition on nitrous oxide and methane fluxes and ecosystem respiration 565 
in a temperate grassland. Environmental Pollution 252, 675-681. 566 
Chen, Z., Ding, W., Xu, Y., Müller, C., Rütting, T., Yu, H., Fan, J., Zhang, J., Zhu, T., 567 
2015. Importance of heterotrophic nitrification and dissimilatory nitrate reduction 568 
to ammonium in a cropland soil: evidences from a 15N tracing study to literature 569 
synthesis. Soil Biology and Biochemistry 91, 65-75. 570 
Chen, Z., Zhang, J., Xiong, Z., Pan, G., Müller, C., 2016. Enhanced gross nitrogen 571 
transformation rates and nitrogen supply in paddy field under elevated 572 
atmospheric carbon dioxide and temperature. Soil Biology and Biochemistry 94, 573 
80-87. 574 
Cheng, Y., Wang, J., Mary, B., Zhang, J., Cai, Z., Chang, S., 2013. Soil pH has 575 
contrasting effects on gross and net nitrogen mineralizations in adjacent forest and 576 
grassland soils in central Alberta, Canada. Soil Biology and Biochemistry 57, 848-577 
857. 578 
Cox, G., Gibbons, J., Wood, A., Craigon, J., Ramsden, S., Crout, N., 2006. Towards the 579 
systematic simplification of mechanistic models. Ecological Modelling 198, 240-580 
246. 581 
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, 582 
T., Dalevi, D., Hu, P., Andersen, G.L., 2006. Greengenes, a chimera-checked 16S 583 
rRNA gene database and workbench compatible with ARB. Applied and 584 
Environment Microbiology 72, 5069-5072. 585 
Fujimaki, R., Sakai, A., Kaneko, N., 2009. Ecological risks in anthropogenic 586 
disturbance of nitrogen cycles in natural terrestrial ecosystems. Ecological 587 
Research 24, 955-964. 588 
Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R., 589 
Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the 590 
nitrogen cycle: recent trends, questions, and potential solutions. Science 320, 889-591 
892. 592 
Gardes, M., Bruns, T.D., 1993. ITS primers with enhanced specificity for 593 
basidiomycetes‐application to the identification of mycorrhizae and rusts. 594 
Molecular Ecology 2, 113-118. 595 
Gibbs, P., Barraclough, D., 1998. Gross mineralisation of nitrogen during the 596 
decomposition of leaf protein I (ribulose 1, 5-diphosphate carboxylase) in the 597 
presence or absence of sucrose. Soil Biology and Biochemistry 30, 1821-1827. 598 
Hodge, A., Campbell, C.D., Fitter, A.H., 2001. An arbuscular mycorrhizal fungus 599 
accelerates decomposition and acquires nitrogen directly from organic material. 600 
Nature 413, 297-299. 601 
Högberg, M.N., Blaško, R., Bach, L.H., Hasselquist, N.J., Egnell, G., Näsholm, T., 602 
Högberg, P., 2014. The return of an experimentally N-saturated boreal forest to an 603 
N-limited state: observations on the soil microbial community structure, biotic N 604 
retention capacity and gross N mineralisation. Plant and Soil 381, 45-60. 605 
Habteselassie, M.Y., Stark, J.M., Miller, B.E., Thacker, S.G., Norton, J.M., 2006. Gross 606 
nitrogen transformations in an agricultural soil after repeated dairy-waste 607 
application. Soil Science Society of America Journal 70, 1338-1348. 608 
Han, Y., Zhang, Z., Wang, C., Jiang, F., Xia, J., 2011. Effects of mowing and nitrogen 609 
addition on soil respiration in three patches in an oldfield grassland in Inner 610 
Mongolia. Journal of Plant Ecology 5, 219-228. 611 
Hao, T., Song, L., Goulding, K., Zhang, F., Liu, X., 2018. Cumulative and partially 612 
recoverable impacts of nitrogen addition on a temperate steppe. Ecological 613 
Applications 28, 237-248. 614 
Hart, S.C., Stark, J.M., Davidson, E.A., Firestone, M.K., 1994. Nitrogen mineralization, 615 
immobilization, and nitrification. Methods of Soil Analysis: Part 2 616 
Microbiological and Biochemical Properties 5, 985-1018. 617 
Huygens, D., Rütting, T., Boeckx, P., Van Cleemput, O., Godoy, R., Müller, C., 2007. 618 
Soil nitrogen conservation mechanisms in a pristine south Chilean Nothofagus 619 
forest ecosystem. Soil Biology and Biochemistry 39, 2448-2458. 620 
Isbell, F., Tilman, D., Polasky, S., Binder, S., Hawthorne, P., 2013. Low biodiversity 621 
state persists two decades after cessation of nutrient enrichment. Ecology Letters 622 
16, 454-460. 623 
Janssen, B., 1996. Nitrogen mineralization in relation to C: N ratio and decomposability 624 
of organic materials, Progress in Nitrogen Cycling Studies. Springer, pp. 69-75. 625 
Jansson, S.L., Hallam, M., Bartholomew, W., 1955. Preferential utilization of 626 
ammonium over nitrate by micro-organisms in the decomposition of oat straw. 627 
Plant and Soil 6, 382-390. 628 
Kanter, D.R., Searchinger, T.D., 2018. A technology-forcing approach to reduce 629 
nitrogen pollution. Nature Sustainability 1, 544. 630 
Kirkham, D., Bartholomew, W., 1954. Equations for following nutrient transformations 631 
in soil, utilizing tracer data. Soil Science Society of America Journal 18, 33-34. 632 
Kwak, J.H., Naeth, M.A., Chang, S.X., 2018. Microbial activities and gross nitrogen 633 
transformation unaffected by ten-year nitrogen and sulfur addition. Soil Science 634 
Society of America Journal 82, 362-370. 635 
LeBauer, D.S., Treseder, K.K., 2008. Nitrogen limitation of net primary productivity in 636 
terrestrial ecosystems is globally distributed. Ecology 89, 371-379. 637 
Ledgard, S.F., Jarvis, S.C., Hatch, D.J., 1998. Short-term nitrogen fluxes in grassland 638 
soils under different long-term nitrogen management regimes. Soil Biology and 639 
Biochemistry 30, 1233-1241. 640 
Li, K., Liu, X., Song, L., Gong, Y., Lu, C., Yue, P., Tian, C., Zhang, F., 2015. Response 641 
of alpine grassland to elevated nitrogen deposition and water supply in China. 642 
Oecologia 177, 65-72. 643 
Liu, X., Duan, L., Mo, J., Du, E., Shen, J., Lu, X., Zhang, Y., Zhou, X., He, C., Zhang, 644 
F., 2011. Nitrogen deposition and its ecological impact in China: an overview. 645 
Environmental Pollution 159, 2251-2264. 646 
Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., Vitousek, P., Erisman, J.W., 647 
Goulding, K., Christie, P., Fangmeier, A., Zhang, F., 2013. Enhanced nitrogen 648 
deposition over China. Nature 494, 459-462. 649 
Lu, M., Yang, Y., Luo, Y., Fang, C., Zhou, X., Chen, J., Yang, X., Li, B., 2011. 650 
Responses of ecosystem nitrogen cycle to nitrogen addition: a meta‐analysis. New 651 
Phytologist 189, 1040-1050. 652 
Magoč, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to 653 
improve genome assemblies. Bioinformatics 27, 2957-2963. 654 
Müller, C., Laughlin, R.J., Christie, P., Watson, C.J., 2011. Effects of repeated fertilizer 655 
and cattle slurry applications over 38 years on N dynamics in a temperate grassland 656 
soil. Soil Biology and Biochemistry 43, 1362-1371. 657 
Müller, C., Rütting, T., Kattge, J., Laughlin, R., Stevens, R., 2007. Estimation of 658 
parameters in complex 15N tracing models by Monte Carlo sampling. Soil 659 
Biology and Biochemistry 39, 715-726. 660 
Marzluf, G.A., 1997. Genetic regulation of nitrogen metabolism in the fungi. Microbiol. 661 
Mol. Biol. Rev. 61, 17-32. 662 
McGeough, K., Watson, C., Müller, C., Laughlin, R., Chadwick, D., 2016. Evidence 663 
that the efficacy of the nitrification inhibitor dicyandiamide (DCD) is affected by 664 
soil properties in UK soils. Soil Biology and Biochemistry 94, 222-232. 665 
Niu, S., Classen, A.T., Dukes, J.S., Kardol, P., Liu, L., Luo, Y., Rustad, L., Sun, J., Tang, 666 
J., Templer, P.H., 2016. Global patterns and substrate‐based mechanisms of the 667 
terrestrial nitrogen cycle. Ecology Letters 19, 697-709. 668 
Pietri, J.A., Brookes, P., 2008. Relationships between soil pH and microbial properties 669 
in a UK arable soil. Soil Biology and Biochemistry 40, 1856-1861. 670 
Price, M.N., Dehal, P.S., Arkin, A.P., 2009. FastTree: computing large minimum 671 
evolution trees with profiles instead of a distance matrix. Molecular biology and 672 
evolution 26, 1641-1650. 673 
Quinn, G.P., Keough, M.J., 2002. Experimental design and data analysis for biologists. 674 
Cambridge university press. 675 
Rütting, T., Müller, C., 2007. 15N tracing models with a Monte Carlo optimization 676 
procedure provide new insights on gross N transformations in soils. Soil Biology 677 
and Biochemistry 39, 2351-2361. 678 
Rütting, T., Müller, C., 2008. Process‐specific analysis of nitrite dynamics in a 679 
permanent grassland soil by using a Monte Carlo sampling technique. European 680 
Journal of Soil Science 59, 208-215. 681 
Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: challenges of a changing 682 
paradigm. Ecology 85, 591-602. 683 
Sollins, P., Spycher, G., Glassman, C., 1984. Net nitrogen mineralization from light-684 
and heavy-fraction forest soil organic matter. Soil Biology and Biochemistry 16, 685 
31-37. 686 
Song, L., Bao, X., Liu, X., Zhang, Y., Christie, P., Fangmeier, A., Zhang, F., 2011. 687 
Nitrogen enrichment enhances the dominance of grasses over forbs in a temperate 688 
steppe ecosystem. Biogeosciences 8, 2341-2350. 689 
Stockdale, E.A., Hatch, D.J., Murphy, D.V., Ledgard, S.F., Watson, C.J., 2002. 690 
Verifying the nitrification to immobilisation ratio (N/I) as a key determinant of 691 
potential nitrate loss in grassland and arable soils. Agronomie 22, 831-838. 692 
Tan, Q., Wang, G., Liu, X., Hao, T., Tan, W., 2018. Responses of soil organic carbon 693 
turnover to nitrogen deposition are associated with nitrogen input rates: Derived 694 
from soil 14C evidences. Environmental Pollution 238, 500-507. 695 
Templer, P.H., Silver, W.L., Pett-Ridge, J., M. DeAngelis, K., Firestone, M.K., 2008. 696 
Plant and microbial controls on nitrogen retention and loss in a humid tropical 697 
forest. Ecology 89, 3030-3040. 698 
Tilman, D., Reich, P.B., Knops, J., Wedin, D., Mielke, T., Lehman, C., 2001. Diversity 699 
and productivity in a long-term grassland experiment. Science 294, 843-845. 700 
Tomaso, H., Kattar, M., Eickhoff, M., Wernery, U., Al Dahouk, S., Straube, E., 701 
Neubauer, H., Scholz, H.C., 2010. Comparison of commercial DNA preparation 702 
kits for the detection of Brucellae in tissue using quantitative real-time PCR. BMC 703 
Infectious Diseases 10, 100. 704 
Ulrich, B., 1986. Natural and anthropogenic components of soil acidification. Journal 705 
of Plant Nutrition & Soil Science 149, 702–717. 706 
Van Breemen, N., Burrough, P., Velthorst, E.v., Van Dobben, H., de Wit, T., Ridder, T.d., 707 
Reijnders, H., 1982. Soil acidification from atmospheric ammonium sulphate in 708 
forest canopy throughfall. Nature 299, 548-550. 709 
Veresoglou, S.D., Chen, B., Rillig, M.C., 2012. Arbuscular mycorrhiza and soil 710 
nitrogen cycling. Soil Biology and Biochemistry 46, 53-62. 711 
Wang, J., Chapman, S.J., Yao, H., 2015a. The effect of storage on microbial activity 712 
and bacterial community structure of drained and flooded paddy soil. Journal of 713 
Soils and Sediments 15, 880-889. 714 
Wang, J., Cheng, Y., Zhang, J., Müller, C., Cai, Z., 2016. Soil gross nitrogen 715 
transformations along a secondary succession transect in the north subtropical 716 
forest ecosystem of southwest China. Geoderma 280, 88-95. 717 
Wang, J., Zhu, B., Zhang, J., Müller, C., Cai, Z., 2015b. Mechanisms of soil N dynamics 718 
following long-term application of organic fertilizers to subtropical rain-fed purple 719 
soil in China. Soil Biology and Biochemistry 91, 222-231. 720 
White, T.J., Bruns, T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing of 721 
fungal ribosomal RNA genes for phylogenetics. PCR Protocols: A Guide to 722 
Methods and Applications 18, 315-322. 723 
Xu, W., Luo, X., Pan, Y., Zhang, L., Tang, A., Shen, J., Zhang, Y., Li, K., Wu, Q., Yang, 724 
D., Zhang, Y., Xue, J., Li, W., Li, Q., Tang, L., Lu, S., Liang, T., Tong, Y., Liu, P., 725 
Zhang, Q., Xiong, Z., Shi, X., Wu, L., Shi, W., Tian, K., Zhong, X., Shi, K., Tang, 726 
Q., Zhang, L., Huang, J., He, C., Kuang, F., Zhu, B., Liu, H., Jin, X., Xin, Y., Shi, 727 
X., Du, E., Dore, A., Tang, S., Tang, Collett, J.L.Jr., Goulding, K., Sun, Y., Ren, J., 728 
Zhang, F., Liu, X., 2015. Quantifying atmospheric nitrogen deposition through a 729 
nationwide monitoring network across China. Atmospheric Chemistry and Physics 730 
15, 12345-12360. 731 
Yang, Y., Ji, C., Ma, W., Wang, S., Wang, S., Han, W., Mohammat, A., Robinson, D., 732 
Smith, P., 2012. Significant soil acidification across northern China's grasslands 733 
during 1980s-2000s. Global Change Biology 18, 2292-2300. 734 
Zak, D.R., Holmes, W.E., Tomlinson, M.J., Pregitzer, K.S., Burton, A.J., 2006. 735 
Microbial cycling of C and N in northern hardwood forests receiving chronic 736 
atmospheric NO3- deposition. Ecosystems 9, 242-253. 737 
Zhang, J., Müller, C., Zhu, T., Cheng, Y., Cai, Z., 2011. Heterotrophic nitrification is 738 
the predominant NO3- production mechanism in coniferous but not broad-leaf acid 739 
forest soil in subtropical China. Biology and Fertility of Soils 47, 533. 740 
Zhang, J., Zhu, T., Cai, Z., Qin, S., Müller, C., 2012. Effects of long‐term repeated 741 
mineral and organic fertilizer applications on soil nitrogen transformations. 742 
European Journal of Soil Science 63, 75-85. 743 
Zhang, J., Zhu, T., Meng, T., Zhang, Y., Yang, J., Yang, W., Müller, C., Cai, Z., 2013a. 744 
Agricultural land use affects nitrate production and conservation in humid 745 
subtropical soils in China. Soil Biology and Biochemistry 62, 107-114. 746 
Zhang, J., Cai, Z., Zhu, T., Yang, W., Müller, C., 2013b. Mechanisms for the retention 747 
of inorganic N in acidic forest soils of southern China. Scientific Reports 3, 2342. 748 
Zhang, J., Wang, L., Zhao, W., Hu, H., Feng, X., Müller, C., Cai, Z., 2016. Soil gross 749 
nitrogen transformations along the Northeast China Transect (NECT) and their 750 
response to simulated rainfall events. Scientific Reports 6, 22830. 751 
Zhang, J., Cai, Z., Müller, C., 2018a. Terrestrial N cycling associated with climate and 752 
plant‐specific N preferences: a review. European Journal of Soil Science 69, 488-753 
501. 754 
Zhang, T., Chen, H., Ruan, H., 2018b. Global negative effects of nitrogen deposition 755 
on soil microbes. The ISME Journal 12, 1817-1825. 756 
Zhang, N., Wan, S., Li, L., Bi, J., Zhao, M., Ma, K., 2008. Impacts of urea N addition 757 
on soil microbial community in a semi-arid temperate steppe in northern China. 758 
Plant and Soil 311, 19-28. 759 
Zhu, G., Song, X., Ju, X., Zhang, J., Müller, C., Sylvester-Bradley, R., Thorman, R.E., 760 
Bingham, I., Rees, R.M., 2019. Gross N transformation rates and related N2O 761 
emissions in Chinese and UK agricultural soils. Science of the Total Environment 762 
666, 176-186. 763 
Zhu, X., Zhang, W., Chen, H., Mo, J., 2015. Impacts of nitrogen deposition on soil 764 
nitrogen cycle in forest ecosystems: A review. Acta Ecologica Sinica 35, 35-43. 765 
Zhang, Y., Xu, W., Wen, Z., Wang, D., Hao, T., Tang, A., Liu, X., 2017. Atmospheric 766 
deposition of inorganic nitrogen in a semi-arid grassland of Inner Mongolia, China. 767 
Journal of Arid Land 9, 810-822.768 
769 
Captions of Tables and Figures 770 
Table 1. Soil-climatic properties of six studied soils (0-20 cm) [Mean ± S.D.] at the two 771 
experimental sites Bayinbuluk (BK) and Duolun (DL). 772 
Table 2. Gross N transformation rates calculated by 15N tracing model NtraceBasic (mean 773 
with S.D. in brackets, n=3). 774 
Fig. 1. Measured (dots) and modeled (lines) concentrations of soil NH4+-N (a) and NO3-775 
-N (b), and 15N enrichments of NH4+-N (c) and NO3--N (d). 776 
Fig. 2. A schematic diagram illustrating the response of soil properties (pH, SOC, TN, 777 
and C/N) and gross N transformation rates in response to enhanced N deposition at low 778 
and high rates based on chronic N addition experiments in alpine and temperate 779 
grassland soils.  780 







Climate Treatment 3 
N input, 
kg N ha-1 yr-1 
Code 
Soil pH (H2O) 
(S:W =1:2.5) 
SOC 
(g C kg-1)4 
TN 








Bayinbuluk -4.8 266 
Temperate 
continental 
Natural 7.6(dep.) BKControl 7.82 ± 0.02 a 37.4 ± 0.7 b 3.59 ± 0.13 b 10.4 ± 0.2 a 3.67 ± 0.22 b 12.23 ± 0.26 b 44.9 ± 0.1 a 
Experimental 7.6(dep.) + 30(fert.) BKN30 7.80 ± 0.04 a 41.0 ± 0.4 a 4.07 ± 0.26 a 10.1 ± 0.6 a 3.77 ± 0.13 b 16.73 ± 0.15 b 44.5 ± 0.1 a 
Experimental 7.6(dep.) + 90(fert.) BKN90 7.79 ± 0.04 a 42.1 ± 0.5 a 4.25 ± 0.12 a 9.9 ± 0.2 a 7.87 ± 0.24 a 55.81 ± 4.27 a 44.0 ± 0.7 a 




Natural 14.7(dep.) DLControl 6.58 ± 0.10 a 12.6 ± 0.9 b 1.08 ± 0.03 b 11.7 ± 0.4 a 6.77 ± 0.39 c 5.89 ± 0.42 c 28.4 ± 0.1 a 
Experimental 14.7(dep.) + 30(fert.) DLN30 6.36 ± 0.11 b 15.2 ± 0.2 a 1.34 ± 0.03 a 11.4 ± 0.2 a 7.49 ± 0.15 b 8.78 ± 0.16 b 28.4 ± 0.2 a 
Experimental 14.7(dep.) + 120(fert.) DLN120 5.75 ± 0.04 c 14.4 ± 0.7 a 1.28 ± 0.09 a 11.3 ± 0.7 a 15.13 ± 0.09 a 19.13 ± 1.31 a 28.3 ± 0.2 a 
1 T is mean annual temperature; 782 
2 P is mean annual precipitation; 783 
3 ‘Natural’ represents the site only received N deposition without other N inputs; ‘Experimental’ represents the site received both natural N deposition and experimental 784 
N addition; In the subscripts of values, ‘dep.’ represents atmospheric N deposition, given by Xu et al., (2015) for BK and Zhang et al., (2017) for DL, and ‘fert.’ 785 
represents experimental N fertilizer application to simulate different levels of N deposition; 786 
4 ‘SOC’ represents soil organic carbon; 787 
5 ‘TN’ represents soil total nitrogen. 788 
* The lowercases behind the values of soil properties denote the statistical difference between three treatments for each sampling site, where one-way ANOVA and 789 
Tukey’s HSD test were used at P < 0.05. 790 
Table 2. Gross N transformation rates calculated by 15N tracing model NtraceBasic (mean with S.D. in brackets, n=3). 791 
Gross N 
transformation rates 
(mg N kg-1 d-1) 
Duolun Bayinbuluk 
N0 N30 N120 N0 N30 N90 
MNrec 0.25 (0.18) 0.64 (0.55) 0.69 (0.20) 1.70 (0.31) 0.95 (0.53) 0.11** (0.04) 
MNlab 0.79 (0.20) 1.07 (0.56) 0.56 (0.29) 1.41 (0.38) 2.26 (0.69) 3.24** (0.19) 
INH4-Nrec 5.38 (0.91) 1.69 (1.20) 1.21** (0.60) 1.47 (0.89) 2.94 (1.62) 5.23* (0.86) 
INH4-Nlab 4.22 (0.81) 1.91 (1.24) 0.51** (0.48) 2.34 (1.45) 1.68 (1.41) 1.06 (0.85) 
INO3 0.01 (0.01) 0.06 (0.04) 0.04 (0.03) 0.44 (0.09) 0.07* (0.07) 0.27 (0.23) 
ONH4 2.43 (0.07) 2.16 (0.11) 1.95* (0.12) 5.07 (0.12) 8.40** (0.11) 12.60**## (0.24) 
ONrec 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
DNO3 0.01 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.01 (0.00) 
ANH4 0.08 (0.03) 0.06 (0.03) 0.08 (0.04) 0.05 (0.03) 0.03 (0.02) 0.07 (0.02) 
RNH4 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
N/I 1 0.25 0.60 1.13 1.33 1.82 2.00 
Total Nmin activity 2 13.09 7.53 4.96 12.43 16.30 22.52 
Net NH4+-N production 3 -11.06 -4.11 -2.5 -5.82 -9.84 -15.6 
Net NO3--N production 4 2.41 2.1 1.91 4.63 8.33 12.32 
1 N/I is the ratio of gross nitrification rate (ONH4+ONrec) to gross ammonia immobilization rate (INH4-Nrec + INH4-Nlab); 792 
2 Total Nmin activity = MNrec + MNlab + INH4-Nrec + INH4-Nlab + INO3 + ONH4 + ONrec + DNO3 793 
3 Net NH4+-N production = MNrec + MNlab + RNH4 + DNO3 – INH4-Nrec – INH4-Nlab – INO3 – ANH4 – ONH4 794 
4 Net NO3--N production = ONH4 + ONrec – INO3 – DNO3 795 
Note: * and # represent the parameters are significantly different at P < 0.05, ** and ## represent the parameters are 796 
highly significant at P < 0.01. * and ** represent the comparison of control plots and N treated plots at low rates (N30), 797 
# and ## represent the comparison of N treated plots at low rates (N30) and high rates (N90 and N120), respectively. 798 
  799 
 800 
Fig. 1. Measured (dots) and modeled (lines) concentrations of soil NH4+-N (a) and NO3--N (b), and 801 
15N enrichments of NH4+-N (c) and NO3--N (d). 802 
Note: Bars indicate S.D.; Solid lines indicate 15NH4NO3 added treatments; Dashed lines indicate 803 
NH415NO3 added treatments. 804 
  805 
 806 
Fig. 2. A schematic diagram illustrating the response of soil properties (pH, SOC, TN, and C/N) and 807 
gross N transformation rates in response to enhanced N deposition at low and high rates based on 808 
chronic N addition experiments in alpine and temperate grassland soils.  809 
Note: Comparing to the control plots, only N addition-induced significant changes at P < 0.05 (absolute 810 
difference values for soil pH and % for others) in parameters are shown in brackets, no significant 811 
difference is shown as NS. Positive values represent increase, negative values represent decrease. The 812 
values at low N addition rate were in blue (30 kg N ha-1 yr-1) and the values at high N addition rate 813 
were in red (120 and 90 kg N ha-1 yr-1 for DL and BK, respectively).  814 
 815 
